Arabidopsis is widely used as a model system in plant molecular biology studies. Because so much research is centered around Arabidopsis, a detailed physiological characterization is highly desirable. Comparison of data can then shed light on an essential question: how representative is Arabidopsis for other members of the plant kingdom? Using the patch-clamp technique we studied the Abbreviations: E K) Nernst potential of K
electrophysiological characteristics of the K + selective outward rectifier (IK.OUO in the plasma membrane of Arabidopsis thaliana leaf mesophyll cells. In a recent study, we described the selectivity and the activation kinetics of IK.OUI-Although I K , O ut current is carried predominantly by K + , the channel also shows a permeability to Ca 2+ , reflected in a permeability ratio Px/Pca of approximately 3 (Romano et al. 1998) . This second paper is a follow up in which we focus on the kinetic properties of Iic.out m more detail.
Time-activated outward currents have been described in a number of different plant cell types as well as in different plant species. Plant outward rectifiers often activate slowly with a sigmoidal time course and show an exponential deactivation (Schroeder 1989 , Fairley-Grenot and Assmann 1992 , 1993 , Li and Assmann 1993 , Van Duijn 1993 , Thomine et al. 1994 , Roberts and Tester 1995 , Vogelzang and Prins 1995 , White and Lemtiri-Chlieh 1995 , Lemtiri-Chlieh 1996 , Wegner 1996 , Roelfsema and Prins 1997 . A discussion on the subject can be found in White (1997) . We determined time constants of I K ,outactivation in Arabidopsis and compared the values with those obtained on other plant species. In addition, we extended the comparison to include the rate constant of channel opening (a) as derived from the analysis originally outlined by Hodgkin and Huxley (1952) . The Hodgkin and Huxley or HH-analysis has been applied to lK,out m several other plant species. Schroeder (1989) was the first to apply the HH-analysis, giving a detailed quantitative description of IK.OUI m Vicia faba guard cells. Van Duijn (1993) performed an identical analysis on the outward rectifier in protoplasts of tobacco cell suspension. Using a slightly different approach, Vogelzang and Prins (1995) analyzed outward currents in root cells of Plantago media and Wegner (1996) characterized Iic.out m xylem parenchyma cells of barley roots. To date, Elzenga and Van Volkenburgh (1997) performed the HH-analysis to an anion channel in the plasma membrane of pea mesophyll cells. We subjected our data obtained from Arabidopsis mesophyll cells to a similar HH-analysis and compared the outcome with the kinetic characteristics reported for tobacco, Vicia and Plantago. A common feature of plant outward rectifiers is a gating mechanism sensitive to external K + (Blatt and Gradmann 1997, White 1997) . For that reason we included the effect of external K + in the analysis.
Material and Methods
Plant material-Plant were grown and protoplasts were isolated as previously described (Romano et at. 1998) .
Electrophysiology-The solutions used were the same as in Romano et al. (1998) , but are repeated here for convenience. In all cases, the pipette solution contained (in mM): 80 K-glutamate, 20 KC1, 2 MgCl 2 , 10 HEPES, 2 EGTA and sorbitol to a final osmolality of 480±20mmolkg ' solution. MgATP (Sigma) was prepared as a 0.5 M stock solution in 1 M Tris-buffer and added to the pipette solution to a final concentration of 2 mM. The composition of the bath solution was (in mM): either 10 or 100 KC1, 10 CaCl 2 , 2 MgCl 2 , 10 HEPES and sorbitol to a final osmolality of 420± lOmmolkg" 1 solution. The pH of pipette and bath solutions were adjusted to pH 7.2 by adding 8.5 and 3.5 mM KOH, respectively. For the 10 mM KC1 bath solution, the calculated Nernst potentials (corrected for KOH addition to adjust the pH as well as for ion activities) were (in mV): K + : -51, Cl : -11, Ca 2+ : +380. With 100 mM KC1 in the bath, the Nernst potentials were: K + : -2 , Cl": -4 1 , Ca 2+ : +374. Prior to use the solutions were filtered through 0.22 ^m nylon filters (MSI, Westboro, MA, U.S.A.).
Patch-clamp recordings were obtained as described in Romano et al. (1998) . Whole-cell data were sampled at a rate of 1 kHz and low-pass filtered at 0.5 kHz. Data analysis was performed with pClamp software (Axon Instruments, version 6.0.2). Time-activated whole-cell (WC) current magnitudes were corrected for a time-independent or leak conductance. According to common convention, the membrane potential is defined as the potential at the cytosolic face of the membrane with respect to the potential at the extracellular face of the membrane. Liquid junction potentials (LJP), defined as the pipette potential with respect to the bath potential were -1 3 mV (10 mM K + ) and -7 mV (100 mM K + ). The corrected membrane potential (E m ) is given by the sum of the command potential as read from the amplifier's display (V) and LJP: E m = V + LJP. With V at -5 0 mV, this resulted in holding potentials (H p ) of -63 mV and -57 mV at 10 mM and 100 mM external K + , respectively. Calculations were performed in Excel 7.0 for Windows and curve fitting in pClamp 6.0.4 or SigmaPlot 2.0 for Windows. Values are represented as averages ± standard error (SE).
Results
Time activation-As shown in our previous paper (Romano et al. 1998) , the activation kinetics of I K , O ut in Arabidopsis were strongly affected by the external K + concentration. At a given potential, Iic.out activated significantly faster at low K + than at high K + and this is reflected in a smaller time constant of activation at low external K + . Another way to visualize the difference in activation kinetics of I K>O ut in low and high K + is shown in Fig. 1 . This figure shows the time course of activation of Iic.out recorded at an almost identical membrane potential (the difference is due to a slight difference in LJP) under the two external K + conditions, 10 and 100 mM. To demonstrate the difference in kinetics, the WC currents were scaled to the same steady-state level (Zagotta et al. 1994, Hedrich and Dietrich 1996) . The much slower activation at high external K + is directly obvious. Under both condi- Fig. 1 Time-activated whole-cell outward currents at an external K + concentration of 10 and 100 mM. Outward current was elicited by stepping from a holding potential (H p ) of -63 mV to 47 mV (10 mM K + ) or from an H p of -5 7 mV to 53 mV (100 mM K + ). In order to compare the kinetics of time activation, the traces were scaled to the same steady-state current level. Current traces were fitted by the power function given in Eq. 1 with p-4, resulting in time-constants of activation (r ac ) of 255 ms and 515 ms in 10 mM and 100 mM external K + , respectively. Data were derived from two different cells.
tions, the time-course of activation of I K)O ut showed a typical sigmoidal shape. Similar activation kinetics have been reported frequently for outward rectifiers in other types of plant cells and tissues. As originally proposed by Hodgkin and Huxley (1952) , the activating outward current (I ac ) as a function of time (t) can be described adequately with power functions of the order p:
( 1) where I max and r ac represent the maximal steady-state current level at the end of the voltage pulse and the time constant of activation, respectively. Although I K)O ut currents in plant cells seem to have similar activation kinetics as far as the S-shaped time course of activation is concerned, the order p of the power function that has been used varies from a value of 2 (Schroeder 1989 , Van Duijn 1993 , Roberts and Tester 1995 , White and Lemtiri-Chlieh 1995 , Lemtiri-Chlieh 1996 to 3 (Fairley-Grenot and Assmann 1993) or 4 (Vogelzang and Prins 1995 , Wegner 1996 , Roelfsema and Prins 1997 . To identify the value of p that resulted in the best description of the Arabidopsis data, current traces were fitted to Eq. 1 with p as one of the free-running parameters. The fitting results are summarized in Fig. 2 which shows the value of p at different E m and at low and high external K + . From Fig. 2 , we conclude that E m has no significant effect on the value of/?. At 10 mM K + , the average value of p was 3.2±0.12 (n=49 traces). At 100 mM external K + the average of p slightly increased to 3.9±0.25 (n = 44 traces). Pooling the low and high K + data together resulted in an average value of p of 3.6±0.18 (n=93 traces). For reasons explained in more detail in the Discussion, we re-fitted the data to Eq. 1, but now with/? fixed at a value of four. Figure 3 Fig. 1 to Eq. 1 with the order of the power function/? as one of the free-running parameters. Data (±SE) are based on 9 (10 mM K + ) and 10 (100 mM K + ) different cells, corresponding to a total of 93 current traces that were fitted to Eq. 1.
Eq. 1 with p=A, in either 10 or 100 mM external K + . The solid lines in Fig. 3 represent fits of the data points to a similar expression used by Van Duijn (1993) and LemtiriChlieh (1996) :
In 10 mM K + , best fits resulted in: Too = 107±4.0ms, T O = 4 9 2 ± 3 1 . 4 ms and k = O.O18±O.OO33 mV" 1 . In 100 mM 1000 100 120
Fig.
3 Average values of the time constants of activation, T ac , from Eq. 1 with p = 4 , as a function of the membrane potential, E m . Solid curves represent fits of the data points to Eq. 2. In order to calculate r ac at 5 mV and 46 mV (see text), the data were extrapolated, resulting in values of t ac of 557 ms and 593 ms at 10 and 100 mM external K + , respectively. Data (±SE) are based on 9 (10 mM K + ) and 10 (100 mM K + ) different cells.
external K + these values were: Too=125±6.5 ms, T O = l,288±31.7ms and k=0.022±0.0007 mV M . As is obvious from Fig. 3 , r ac clearly shows voltage sensitivity and decreases at more depolarized E m . A second feature obvious from Fig. 3 is that lowering the external K + concentration decreases T ac , particularly at less depolarized E m .
Time deactivation-l^^x deactivated after stepping from an activating depolarized potential to a hyperpolarized membrane potential (data not shown). The majority of time deactivating currents (I de ) could be described by a single exponential as given in Eq. 3:
where I o is the initial current level directly after stepping E m to a more hyperpolarized potential and T de is the time constant of deactivation. Occasionally, the use of a double exponential significantly improved the fit. Figure 4 shows the relationships between E m and average values of r de obtained from single exponential fits at 10 and 100 mM K + . The first conclusion from Fig. 4 is that, in contrast to T ac , T de shows essentially no voltage sensitivity. A second difference with respect to T ac is that T de is almost insensitive to the external K + concentration; in both 10 and 100 mM external K + , T de fell in the range of 300-450 ms. Steady-state current analysis-In addition to the determination of the time constants of activation, we calculated rate constants for channel opening (a), according to Hodgkin and Huxley (1952) . The HH-analysis starts with the calculation of the chord conductance as obtained from the steady-state current level. Chord conductances (G ch ) 600 -120 where I max has the same meaning as I max in Eq. 1 and E rev is the reversal potential obtained from a tail-current experiment on the same cell. Values of G ch as a function of E m were fitted to a Boltzmann-like expression which, in turn, rendered the maximal value of G C h ( = G max ). In order to relate G ch and G max , Hodgkin and Huxley (1952) introduced the so-called 'activation variable', n^: (5) where the °° symbol refers to steady-state current levels and/? refers to the number of independent gating particles. In Fig. 5 we plotted G ch /G max in relation to E m , at 10 and 100 mM external K + . The smooth curves in Fig. 5 represent fits of the data points to a similar Boltzmann expression used by Schroeder (1989) , Van Duijn (1993) , White and Lemtiri-Chlieh (1995) , Lemtiri-Chlieh (1996) , Wegner (1996) , Blatt and Gradmann (1997) , Elzenga and Van Volkenburgh (1997) and Roelfsema and Prins (1997) :
where F, R and T have their usual meaning, z is the apparent minimum gating charge and V x represents the potential at which a certain fraction (dependent on the value of p) of the channels has been activated. Best fits of the data to Eq. 6 with/? = 1 resulted at 10 mM K + in values for The steady-state activation of IK. OUU expressed as G ch / G max , as a function of membrane potential, E m . Data were fitted to the Boltzmann function given in Eq.6 with p = \, resulting in potentials of half-activation (V 1/2 ) of 5 and 46 mV at 10 and 100 mM external K + , respectively. Data (±SE) are based on 9 (10 mM K + ) and 10 (100 mM K + ) different cells. For the data points given without SE, SE was smaller than the symbol size. V x and z (±SE) of 5±1.6mV and 1.21 ±0.074, respectively. At 100 mM external K + , these values were 46±0.9 mV for V x and 1.66±0.085 for z. Note that, although V x shifts with the Nernst potential for K + (E K ), which was -5 1 mV at lOmM K + and -2 m V at lOOmM K + , V x remains about 50 mV more positive than E K . A second feature that arises from Fig. 5 is that external K + induces an almost but not exactly parallel shift and this is reflected in a change of the apparent gating charge z from 1.21 at 10 mM K + to 1.66 at 100 mM external K + . According to Hodgkin and Huxley, the transition rate from the closed to the open state (a) is defined by the ratio of noo and z ac :
Note that, values of n^ are obtained from the calculated G ch /G max and are given by (G ch /G max ) 1/p (Eq. 5). In Fig. 6 , a is plotted as a function of E m at an external K + concentration of 10 and 100 mM. The data points in Fig. 6 were fitted to Eq. 8, which was originally introduced by Hodgkin and Huxley (1952) and also used by Schroeder (1989) , Van Duijn (1993), Vogelzang and Prins (1995) and Elzenga and Van Volkenburgh (1997) :
where a 0 is a scaling factor, V h is related to the potential at which a starts to show voltage sensitivity and S a determines the steepness of the dependence of a on voltage. Best fits of -20 100 120 Fig. 6 The Hodgkin-Huxley rate constant for channel opening (a) plotted as a function of membrane potential, E m . The solid curves represent a fit of the data to Eq. 8. Extrapolation of the data allows the calculation of a at the potential of half-activation, i.e. 5 mV at 10 mM K + and 46 mV at 100 mM K + , resulting in an a of 1.5 s" 1 and 1.4 s ' at 10 and 100 mM external K + , respectively (see text). Data (±SE) are based on 9 (10 mM K + ) and 10 (100 mM K + ) different cells. in other plant species-As outlined before, one of the main objectives of this study is to compare our findings on Arabidopsis with results obtained with other plant species. One way to compare the activation of Iic.out is to calculate the kinetic parameters at a given potential. Plant outward rectifiers differ, however, considerably in their activation potential. Therefore, an alternative approach is to perform the analysis at a potential at which, at steady-state, the same percentage of channels has been activated. In order to account for differences in activation potential, we calculated values of T ac and a at the potential of half-activation (Vi /2 ) at which G ch =l/2G max . Although the potential of half-activation can be derived from Eq. 6, it should be realized that V 1/2 equals V x in Eq.6 only for/?=l. For/? = 2 and/? = 3, for instance, V x actually represents the potential at which G ch is at 25% and 12.5% of G max , respectively. Nevertheless, irrespective of the value of p used, most authors seem to prefer to use the symbol V 0 .5 instead of V x . Although the use of the symbol V 0 .5 can be rationalized by the fact that this is the potential at which noo in Eq. 6 equals 0.5, the terminology may be prone to some confusion because it may suggest that this also represents the value of E m at which the conductance is half-activated. Wegner (1996) employed a fit of his data to Eq. 6 with /?=4, while Schroeder (1989) and Van Duijn (1993) fitted their data to Eq. 6 but with/? = 2. We and, for instance, Roelfsema and Prins (1997) and Blatt and Gradmann (1997) , employed a fit of the data with/? = 1. Consequently a direct comparison of values of V x is impossible. In order to compare values, V x values must be converted into values of V 1/2 or vice versa. For values of/?>1, the expression for the 'true' potential of half-activation, Vi /2 , can be derived by solving Eq. 6 for G ch /G max = 0.5 and is given by:
Note that only for p-\, Vi /2 indeed equals V x . It also should be noted that RT/zF equals the so-called slope factor S used, among others, by Schroeder (1989) and Van Duijn (1993) in Eq.6. The same as was described for the comparison of values of V x is true for the comparison of values of r ac . The comparison of values of r ac is meaningful only if all the traces have been fitted to the same mathematical expression, i.e. with /? in Eq. 1 fixed at a certain value. As mentioned before, best fits of IK.OIU in different plant species resulted in values of/? ranging from 2 to 4. Therefore, instead of comparing values of r ac , it is more appropriate to compare times of half-activation. Analogous to the expression for V1/2 (Eq. 9), times of half-activation (TI/ 2 ) can readily be obtained after solving Eq. 1 for I ac = l/2I max and T 1/2 is given by:
Compared to values of r ac , calculated values of Ti /2 are relatively insensitive to the order /? in Eq. 1. We observed only minor variations in the value of T 1/2 when we fitted current traces to Eq. 1 first, for instance, with p = 3, followed by a fit with p-4, even if the goodness of fit was almost identical. The main reason for these small variations in T1/2 in response to different values of p is that the steady-state current level as derived from the fitting proce- 
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" Nernst potential of K + . * Potential of half-activation, see Eq. 6 and 9 and Fig. 5 . c Apparent gating charge, see Eq. 6. Values of V 1/2 and z are based on 9 (10 mM K + ) and 10 (100 mM K + ) different cells. d The HH-rate constant a calculated at 25 mV, using Eq. 8. See also Fig. 6 . e a calculated at Vi /2 , using Eq. 8. See also Fig. 6 . f The time constant of activation r ac from Eq. 1, with the use of Eq. 2 calculated at 25 mV. See also Fig. 3 . g r ac calculated at Vi /2 , using Eq. 2. See also Fig. 3. dure may change slightly with the value of p.
Once we derive Eq. 9 and 10, we can start the actual comparative analysis of I K ,out's. Given the values of p, V x and z, with the use of Eq. 9 we can convert reported values of V x into values of V 1/2 . Next, with the aid of Eq. 8, we calculated a at Vi /2 , a(Vi /2 ). In addition, values of r ac at Vi /2 were calculated using Eq. 2, and with the use of Eq. 10 these values of r ac were converted into times of half-activation at Vi /2 , Ti /2 (V 1/2 ). For the four plant species involved in the analysis, values of Vi /2 , a(Vy 2 ) and Ti /2 (V 1/2 ) are listed in Table 1 . Because Schroeder (1989) did not fit the values of r ac to Eq. 2, in the case of Vicia, the given value of Ti /2 (V 1/2 ) is based on a best estimate from his data.
Modulation . The pulse potentials of 7 and 53 mV were chosen because they are in the vicinity of the potentials of half-activation (Vi/ 2 ), which were 5 mV at 10 mM K + and 46 mV at 100 mM external K + . As was done with the traces in Fig. 1 , the traces were scaled to the same steady-state current level. Note that in contrast to Fig. 1 , the scaled traces almost overlap, indicating similar kinetics of activation. The similarity in kinetics is reflected in the values of time constants of activation (r ac ). Current traces were fitted to Eq. 1 with p~4, resulting in an r ac of 539 ms and 515 ms in 10 mM and 100 mM external K + , respectively. Current recordings originated from the same two protoplasts as the recordings shown in Fig. 1 . Note that the 100 K + -trace is the same as the one shown in Fig. 1. of Iic.out shifts with the external K + concentration, reflected in a shift of V 1/2 from 5 mV at 10 mM K + to 46 mV at 100 mM K + (Fig. 5) . The change in activation potential induced by external K + is also obvious from Fig. 3 : at a given potential, I K ,out activates consistently, faster at low external K + , in particular at less depolarized potentials. As an example, we calculate T ac at an E m of 25 mV, i.e. the potential exactly in between the two values of V 1/2 mentioned above. As is directly obvious from Fig. 3 , at an E m of 25 mV, we find a large difference in the value of r ac : 421 ms at 10 mM K + vs. 868 ms at 100 mM K + . This difference in the value of T ac vanishes however when we compare values of r ac , not at one and the same E m , but, instead, at V 1/2 . When we repeat the calculation for E m =V 1/2 , the values of r ac become close: 557 ms in low and 593 ms in high external K + . A similar conclusion can be derived when we compare values of a, using Eq. 8. At a given E m of 25 mV, the value of a at 10 mM K + is 2.2 s" 1 , i.e. three times the value of 0.7 s 1 at 100 mM K + . But again, when we calculate a at Vi /2 the values become essentially the same: 1.5 and 1.4 s" 1 , in low and high external K + , respectively. The numbers given here are summarized in Table 2 . In analogy to Fig. 1, Fig. 7 shows the same 100 mM K + -trace at an E m of 53 mV as shown in Fig. 1 , but this time in combination with a recording at 10 mM K + at an E m of 7 mV. Both responses were thus recorded at a potential close to V ]/2 . As was done in Fig. 1 , the currents were scaled to the same steady-state level. The fact that the traces almost superimpose implies that both currents demonstrate very similar activation kinetics indeed.
Discussion
The prime objective of this study was to quantify the gating kinetics of I K)O ut in Arabidopsis and to compare the results obtained with the findings of others using different types of plants and tissues. Studies that provide a similar quantitative analysis of plant ion channels are still rather limited and consequently the comparison will be based on a limited amount of data. Nevertheless, such a comparison is a first step toward placing the electrophysiological characteristics of Arabidopsis mesophyll cells in a broader context. We characterized Iic.out by applying a Hodgkin-Huxley analysis to our data. Table 1 summarizes the parameters that were selected for the analysis and, for comparison, values reported by others for I K>O ut's in different plant species, also performed in 10 mM external K + . Although Wegner (1996) performed an identical analysis on lK,out i n barley root xylem parenchyma cells, we did not include his data in Table 1 because it appeared to be impossible to derive accurate estimates of a(V 1/2 ) and Ti/ 2 (Vi /2 ) from his reported data. Because the deactivation of Iicout i n Arabidopsis was virtually voltage insensitive (Fig. 4) , we restrict our discussion to the activation kinetics of Iic.out-In the analysis given here, we compare values of Ti /2 and a at the potential of half-activation, V 1/2 . From a physiological point of view, it may be equally interesting to perform the comparison at one and the same potential. Then, the question of how Iic.out i n different plant species behaves under a given set of (experimental) conditions can be answered. Among similarities in kinetic characteristics, one of the most obvious differences between plant K + outward rectifiers studied so far is a difference in V 1/2 (Table 1, White 1997) . Therefore, if the focus of study is more of a biophysical nature, it may be desirable to account for such differences in activation potential.
For the four plant species, values of a(V 1/2 ) are in the range of 1.1 to 3.0 s -1 and Arabidopsis with an a(Vi /2 ) of 1.5 s" 1 falls slightly below the average value of 2.0 s" 1 . The combination of a low a(V 1/2 ) and four closed states accounts for the slow activation of IK.OUI in Arabidopsis, reflected in a time constant of half-activation at Vi /2 of 1,023 ms. Although the values for tobacco and Vicia of 278 and 430 ms, respectively (Table 1) , are significantly smaller, it should be noted that, compared to animal cells, all plant outward rectifying channels studied activate extremely slowly. For instance, for the nerve cells studied by Hodgkin and Huxley (1952) , values of a(Vi /2 ) are about two orders of magnitudes greater than the value of 3.0 calculated for tobacco.
In order to perform the HH-analysis, we fixed the value of/? at four. The choice of/? = 4 was based on the fit of the current traces to Eq. 1 with p as a free running parameter, which resulted in a non-integer, average value of /? = 3.6. If the interpretation of the value of p in terms of the number of independent gating particles is correct, one should expect/? to be an integer. Given this, it seems more plausible that I KjO ut in Arabidopsis has four instead of three closed states. Underestimation of the number of closed states is possible, for instance, if the holding potential (H p ) of -6 3 mV at 10 mM K + and -5 7 mV at 100 mM K + was not negative enough to drive the channel to its most closed state. Then, activation takes less time, reflected in a lower value of p. The same principle underlies the ColeMoore shift (Cole and Moore 1960, Wang et al. 1997) . Given the V 1/2 of 5 mV in 10 mM K + and 46 mV in 100 mM K + , this explanation seems more plausible for the 10 mM K + data than for the 100 mM K + data. The above mentioned value of/? of 3.6 is the average value based after pooling all the data at low and high external K + . Separating the low and high K + data revealed a slight difference between the average values of/?: 3.2 at 10 mM K + and 3.9 at 100 mM K + (Fig. 2) . Although the significance of this difference in/? may be arguable, it may suggest that H p may have had an effect on the activation kinetics. If so, it should be noted that although the value for Ti/ 2 (V 1/2 ) of 1,023 ms calculated for Arabidopsis is already relatively high, this value should even be considered as a lower estimate and accordingly the value of a(Vi /2 ) as a higher estimate. The possibility however that I K , O ut in Arabidopsis has in fact more than four closed states seems unlikely given experimental data at 100 mM K + . Pulsing from a more negative H p of -107mV, with V 1 / 2 -H p = 153 mV, did not induce a change in the activation kinetics (data not shown). If among plant species differences in the value of p would be due to an effect of H p , one would expect to see a correlation between V 1/2 -H p and/?: the larger V 1/2 -H p , the higher the value of/?. Therefore, in Table 1 we also listed the difference between N\ /2 and H p . As can be concluded however from Table 1, Vi /2 -H p and/? show no correlation: while Vi /2 -H p is fairly constant, p ranges from a value of two to four, suggesting that differences in p do indicate intrinsicly different gating mechanisms.
Among the kinetic parameters that were compared, the value of Vi /2 is perhaps the one that differ most between species (Table 1) . As an example, consider Arabidopsis and Plantago. For both species, /?=4 and the value of ct(Vi /2 ) is similar, 1.5 and 1.1 s" 1 , respectively. In contrast, V 1/2 differs not less than 79 mV: 5 mV in Arabidopsis versus -74 mV in Plantago. The value for V l/2 of 5 mV we found, places Arabidopsis in the center of the spectrum of listed values of V 1/2 in Table 1 and is close to the one reported for Vicia faba guard cells.
In addition to a variation in V 1/2 , there are other differences in the voltage dependence of plant outward rectifiers as well. Van Duijn (1993) found in tobacco suspension cells that activation as well as deactivation of IK.OUI was voltage sensitive. In contrast, in Vicia faba guard cells Schroeder (1989) observed a strong asymmetry, with deactivation being voltage dependent and activation relatively voltage independent. In Arabidopsis mesophyll cells, we see exactly the opposite: a clear voltage dependent activation and an essentially voltage independent deactivation of Iic.out-Interestingly, I K)O ut in Arabidopsis mesophyll cells shows a voltage sensitivity similar to that observed in Viciafaba mesophyll cells (Li and Assmann 1993) : a voltage dependent activation and a voltage independent deactivation. This finding may suggest that such voltage dependence is characteristic for mesophyll cells.
A characteristic that plant outward rectifiers have in common is a gating mechanism sensitive to external K + . Although, in general, V 1/2 may shift with E K , there may be subtle differences between plant species or plant tissues in respect to the exact mechanism of modulation of I K)O ut by external K + . Blatt and Gradmann (1997) gave a detailed analysis of the effect of external K + on the gating behavior of IR.OUI in Vica faba guard cells. They concluded that the apparent gating charge z was not affected by external K + . For Arabidopsis we did however observe a change in z: 1.21 in low K + vs. 1.66 in high external K + (Table 2 ). This observation is even more relevant because both in the study of Blatt and Gradmann as well as in our study, the variation in the value of z is relatively small. The precise mechanism of K + modulation of IK.OIU in Vicia and Arabidopsis may thus slightly differ.
A final word on the use of the Hodgkin-Huxley analysis. Hansen et al. (1997) present a hierarchy of approaches for the modeling of channel behavior. According to their classification, the HH-formalism represents a typical example of the most phenomenological approach. The reason is, it basically is a mathematical description rather than a description based on detailed information of the mechanism of channel gating and channel structure. As a consequence, the information on how, for instance, external K + exactly exerts its action on I K , O ut that can be derived from applying the HH-analysis, is limited. In that respect, the approach, for example, followed by Blatt and Gradmann (1997) is definitely more powerful. Their study is based on State Models, an approach next in the hierarchy of Hansen et al. (1997) . Nonetheless, in the context of the present study, the HH-formalism suited our purpose quite well: as long as the analysis is comprehensive and reproducible, the parameterizing and comparison of channel kinetics in different cell types or plant species is very well possible.
In conclusion, I Kout in Arabidopsis mesophyll cells shows a number of characteristics that are typical of plant outward rectifiers: a high cation over anion permeability, voltage dependent activation, no signs of inactivation, a single channel conductance of 28 pS (in symmetrical 100 mM K + ), a flickering gating behavior upon hyperpolarization (see Romano et al. 1998 for a more detailed description of these characteristics in Arabidopsis), a sigmoidal time course of activation and, finally, a gating mechanism sensitive to the external K + concentration. In a broad sense, I K>O ut in Arabidopsis behaves like loom's in other plant species. However, a comparison at a more quantitative level reveals subtle differences in the number of closed states, the potential of half-activation and the absolute values of Ti /2 and a, at least when calculated at Y U2 . These differences among plant species may reflect differences in the fine-tuning of the overall regulation of the channel gating mechanism which, in turn, may dependent on the specific physiological role of I K>O ut in the particular tissue.
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